Nucleus-Nucleus Collisions at Medium Energies by Chauhan, Deeksha
NUCLEUS-NUCLEUS COLLISIONS AT 
MEDIUM ENERGIES 
DISSERTATION 
SUBMITTED FOR THE AWARD OF THE DEGREE OF 
(ister of ^Ijilogopfjp 
IN 
PHYSICS 
BY 
DEEKSHA CHAUHAN 
Under the Supervision of 
DR. ZAFAR ALI KHAN 
DEPARTMENT OF PHYSICS 
ALIGARH MUSLIM UNIVERSITY 
ALIGARH (INDIA) 
2006 
'/. 
, , ,_;i?, A l a I ,' ,, 
r' hi-^^Oll" 
V 
''^'li'n,i:r.l.,^f^ 
ym 
DK37(I2 
DEDICATED 
TO 
Y PARENTS 
(Dr. Z.A-Kfidn /^'^^^^ DEPARTMENT OF PHYSICS 
li^acfer rp^ffeal ALIGARH MUSLIM UNIVERSITY 
ALIGARH-202 002, INDIA 
Phone :Off. 491571-2701001 
E-mail :2ak_atif@yahoo.com 
Certificate 
Certified that the work presented in the M.Phii. dissertation 
entitled ^'Nucleus-Nucleus Collisions at Medium Energies'' is 
the original work of Ms. Deeksha Chauhan, carried out under 
my supervision. 
(Za/arAUKhan) 
JLc^owkcfgements 
With all my praises to Almighty, The most compassionate, indulgent and 
magnanimous who has bestowed me ample potential, indefinite blessings 
of strength ^nd caliber to sewn up this difficult task. 
Beginning with deep sense of gratitude to my esteemed supervisor 
Dr. Zafar AH Khan, whose consecutive encouragement, keen interest, 
benediction, sagacious supervision and proficient guidelines are 
inexplicable. 
My sincere thanks to Prof. Muhammad Irfan, the Chairman, Department 
of Physics, A.M.U., Aligarh, for providing me necessary research 
facilities. 
I can not forget the valuable support of my senior Ms. Minita Singh, who 
always helped me to overcome all hurdles in the light of her experience. 
I have special thanks and lots of appreciation to my intimate Ms. Suvigya 
Mathur whose unstinted support and sympathetic attitude helped me to 
keep going. 
No word of acknowledgement can be expressed for every possible 
support I received from my parents, brother and sisters. Their continuous 
endeavor and blessings have made my academic pursuit to triumph. 
(Deeksha Chauhan) 
Chapter 1 
Chapter 2 
Chapter 3 
Chapter 4 
Tables 
References 
Figures 
Contents 
Introduction 
Glauber's High Energy Collision Theory 
(a) High energy approximation for the scattering 
by a static potential 
(b) Glauber multiple scattering theory 
(i) Nucleon-Nucleus scattering 
(ii) Nucleus-Nucleus scattering 
Correlation expansion of the Glauber amplitude 
(i) Nucleon-Nucleus elastic scattering 
(ii) Nucleus-Nucleus elastic scattering 
Results and discussion 
Pages 
1 -8 
9-29 
10-18 
19-25 
26-29 
30-42 
31-37 
38-42 
44-49 
50-56 
57-58 

In the past, the Glauber multiple scattering theory has been extensively 
used to study the elastic and inelastic scattering of hadrons from a variety of 
target nuclei at intermediate cacrgics[see e.g. rcfs. 2,3,4]. The results of these 
analyses provide useful informations regarding the nuclear many-body corre-
lations, matter distributions and validity of various nuclear models. Here it 
may be emphasized that one of the attractive features of the Glauber model 
is that it allows the microscopic description of the, say, nucleon-nucleus scat-
tering in terms of the nucleon-nucleon(NN) amplitude, which can be mea-
sured rather directly. At ~ 1 GeV nucleon incident energy, in the Glauber 
model calculations, the simple Gaussian parametrization for the NN amph-
tude(hereafter referred to as one-term NN amphtude) 
/NN(9) = ^ ( l - W N ) e - ^ - ' ^ / ^ (1) 
was extensively used. Here k is the incident momentum in the NN centre-of-
mass system, a is the NN total cross section, q is the momentum transfer, 
P;*;/v is the ratio of the real to the imaginary parts of the forward ampli-
tude /yvA'(O), and /^ y^^  is the slope parameter. The amphtude(l) assumes a 
constant phase at all values of c^. It is found that, at ~ 1 GeV, the parame-
trization(l) provides a satisfactory explanation of the NN elastic scattering 
differential cross section only up to moderately large momentum transfer; it 
fails to account for the NN cross section data up to the available momentum 
transfer region. Since NN amplitude forms the basis of the(microscopic) 
nucleon-nucleus scattering calculations, and the available nucleon-nucleus 
elastic scattering observables cover a large momentum transfer region, ef-
forts have been made to obtain that form of the NN amplitude which can 
successfully describe the NN elastic scattering observables at ~ 1 GeV for a 
wide range of angles. It is found [5,6,7] that the use of an improved form of 
the NN amplitude at ~ 1 GeV, in comparison with the usually parametrized 
one-term amplitude, improves the agreement with the experimental data. 
The successful application of Glauber theory for hadron-nucleus collisions 
has prompted many authors to analyse the elastic and inelastic scattering 
differential cross section for the nucleus-nucleus system at intermediate en-
ergies[see e.g. refs. 8,9,10]. Since evaluation of the full Glauber amphtude 
with realistic descriptions for colliding nuclei is particularly a difficult task, 
in most of these applications, the so called optical-limit approximation(OLA) 
has been employed to evaluate the Glauber S-matrix element. This term de-
pends upon the one-body densities of the colliding nuclei while the neglected 
terms depend upon the two-body and other higher order densities. More-
over, the centre-of-mass(c.m.) correlations are treated as a global correction 
multiplied by the scattering ampUtude. This treatment of the chi. effect is 
correct for Gaussian and harmonic-oscillator wave functions whose cm. and 
relative coordinates can be separated. However, it has been shown[ll,13] 
that such global procedure is not valid because the cross section diverges at 
large momentum transfer. Franco and Tekou[12] have shown that factorizing 
out the cm. effect destroys the translational invariance symmetry of the 
scattering amplitude if the multiple scattering series is truncated; They have 
removed this drawback by invoking the cm. correlation in the optical limit 
phase shift function. Using the same approach, Franco and Varma[13] have 
improved the optical-limit calculations by including the higher order terms 
upto the fourth order, and the results showed that significant changes in the 
cross section are obtained. Here it may also be mentioned that OLA, without 
taking into consideration the cm. correlations, give a reasonably satisfactory 
account of the experimental data provided that the calculations are made in 
the Coulomb modified Glauber model(CMGM) in which the conventional 
Glauber model is suitably modified to account for the deviation of the col-
hding particle trajectories due to the Coulomb field[8,14]. More specifically, 
it is observed that the CMGM calculation agrees well with the experimental 
data at lower energies but not so well at relatively higher energies especially 
at large momentum transfer(see, e.g., ref.8). This trend of the predictions 
of the CMGM calculation may be understood by noting that at lower ener-
gies the input NN total cross section (ajvw) is quite large. Due to this, the 
OLA phase shift function is highly absorptive at lower energies. Moreover, 
the relatively large Coulomb repulsion at lower energies keeps the nuclear 
overlap region confined to large impact parameter values. Consequently, the 
scattering is sensitive mainly to the very low density regions of the colliding 
nuclei in which case the contributions of the neglected higher order terms 
may be negligibly small. As the energy increases, a^N decreases, making 
the OLA phase shift function less absorptive. Also the Coulomb repulsion 
effect weakens. As a result, the scattering now becomes sensitive to the inner 
surface region also where neglecting the higher order terms in the phase shift 
function expansion, as is done in the OLA, may not be a good approxima-
tion. Therefore, it is not unreasonable to expect that the inclusion of some 
higher order terras in the CMGM scattering calculation may improve the 
theoretical situation at relatively higher energies. 
Using Huang's approach[15] in which the projectile and target nuclei are 
assumed to have cluster structure with MA chisters in nucleus A (say target) 
and MB clusters in nucleus B (say projectile) and there are MN nucleons 
in each cluster(M^^ should be a common divisor for the nucleus A and B), 
El-Gogary et al.[9] have reported the full Glauber series calculation of the 
elastic scattering between light and medium nuclei(A,B>4) by treating the 
effect of the cm, correlation consistently. The correlation function describ-
ing this effect in the case of a single Gaussian nuclear density has been 
invoked approximately in each order of the phase shift expansion. The cal-
culated differential cross sections for d -^^ C, ^^ C -^^ C, ®^0 -^^ C, and 
16Q _I6 Q collisions using this treatment shows that the Glauber model pre-
diction is improved relatively in the forward direction and dramatically at 
the large scattering angles, in comparison with the usual analysis that con-
siders a global cm. correlation for all orders. Particularly, the predicted 
cross section reproduces the diffraction pattern of the scattering data more 
accurately and also avoids the large q divergence, which characterizes the 
global cm. correction. Moreover, in comparison with the fourth order calcu-
lations[13], the work of El-Gogary et al.[9] is seen to enhance the accuracy of 
the Glauber theory. However, noticeable disagreement with the experimental 
data at large momentum transfers may be attributed to the use of the single 
Gaussian model density which is quite unrealistic for ^^ C for describing large 
momentum transfer observables. 
Ahmad et al.[10] have reported a study of ^^ C -^^ C elastic scattering 
at 1.016, 1.449 and 2.4 GeV within the framework of Coulomb modified 
Glauber model by considering the first two terms of the expansion of the 
nuclear phase shift function. The calculations have been performed using 
the realistic ground state density for ^^C and invoking the phase variation 
of the NN scattering aniphtude . Taking the values of a^N and PNN from 
ref8.[16] and [17] respectively, the value of /3^ yy has been explored by fitting 
the ^^ C — ^ ^C elastic angular distribution at the energies under consideration. 
It is found that the consideration of the second order term in the phase shift 
expansion series greatly helps in achieving a good description of the ^ ^C-^'^C 
elastic scattering data at 1.016, 1.449 GeV. However at 2.4 GeV, despite 
significant improvement, the theoretical situation can not be described as 
satisfactory. 
Our concern, in this work, is the parameters of the NN scattering am-
plitude in the energy range 85 - 200 MeV/nucleon which are needed for the 
microscopic calculation of nucleus-nucleus scattering at low medium ener-
gies. Here we refer the analyses of Lenzi et al.[8], El-Gogary et al.[9] and 
Ahmad et al.[10]. In these analyses we notice that except for the NN total 
cross section((7A /^v), whose values are fixed from the NN scattering measure-
ments[16], the values of the other two parameters PNN and Pjfj,i are adjusted 
from the mere fitting of the nucleus-nucleus scattering data. This is quite 
concerning, as it leads to different descriptions of the NN amplitude at a 
given incident energy. 
In the following, we propose to use the Glauber model S-matrix for 
nucleus-nucleus collision as obtained from the Coulomb modified correlation 
expansion of the Glauber amplitude[18]. The first term of the expansion cor-
responds to the optical-limit results of Czyz and Maximon[19] and depends 
upon the intrinsic ground-state densities of the colliding nuclei. It differs, 
however, from the expression of Czyz and Maximon[l9] in that the ground 
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state densities appearing in it are not the independent particle model densi-
ties and hence the well known cm. correction factor which gives divergent 
cross section at large momentum transfer[19] does not appear in this for-
mulation. The other terms in the correlation expansion depend successively 
upon the two-, three-, and many-body densities of the colliding nuclei. These 
terms may be regarded as providing corrections to the optical-limit calcula-
tion. As a first step of our calculation, we analyse the ^^ C —^^ C elastic 
scattering at I.OIG, 1.449 and 2.4GeV by retaining terms upto three-body 
correlations, using the available sets of the NN parameters. In this study, 
we, in fact, examine the fact that the values of NN parameters should de-
pend upon the incident energy and not on the reaction mechanism used. It 
is found that our analysis supports the NN parameter values as used by El-
Gogary et al.[9] at 1.016 GeV, and Ahmad et al.[10] at 1.449 and 2.4 GeV 
upto moderately large momentum transfers. Still, the present calculation 
shows large discrepancies, especially at large momentum transfer's. Looking 
from theoretical point of view, once we accept that the low energy limit and 
the high momentum tranfer range is not very well defined in the Glauber 
model, it seems reasonable to use this model at relatively low energies and 
also at high momentum transfers; Moreover, since the correlation expansion 
approach[18] for calculating the Glauber model S-matrix has been quite suc-
cessful in studying the proton-nucleus collisions at intermediate energies, it 
also seems reasonable to use this approach for nucleus-nucleus collisions at 
the corresponding energies. Thus, the source of discrepancy between theory 
and experiment in nucleus-nucleus collisions, within the framework of the 
correlation expansion of the Glauber amplitude, may be attributed to the 
poor choice of the. NN ampUtude and the neglect of the higher order correla-
tions. Here it may also be mentioned that the Glauber model calculations, as 
reported in refs.[8,9,10], use average values of the NN parameters. Obviously, 
this seems to be justified when the parameters of the pp and pn amplitudes 
are not very different. Unfortunately, this is not found to be the case. The 
experimental values of the pp and pn total cross sections at energies under 
consideration are quite different, we treat protons and neutrons on different 
footings, and propose to reanalyse the ^^ C -^^ C elastic scattering at 1.016, 
1.449, and 2.4 GeV by retaining terms upto three-body correlations in the 
Coulomb modified correlation expansion of the Glauber amplitude. The dis-
tinction between proton and neutron shall be incorporated in the so called 
optical-limit term, as it is expected to be the leading term in the scattering 
amplitude. In this way, we would be able to get distinct values of the pa-
rameters of the pp and pn amplitudes at energies under consideration, and 
their average values would be compared with the existing sets of NN para-
meters. Chapter 2 describes the Glauber's high energy collision theory which 
forms the basis of the present calculations. The correlation expansion of the 
Glauber amplitude[18] is presented in Chapter 3. The numerical results are 
presented and discussed in Chapter 4. 

(a) High Energy approximation for the scattering by a static potential 
Let us start by assuming that the incident particles are scattered by a 
static force field which may be represented by a potential V(f). The energy 
of the incident particle of mass m is taken to be 
E = h^ky2m, (2) 
where the symbol k denotes the momentum of the incident particle. The 
scattering problem involves the solution of the Schrodinger equation^ : 
iV' + k') V(r1 = | ? Vir) V'(r). (3) 
subject to the boundary condition that at large distances from the interaction 
region occupied by the potential, the wave function of the system ip{r) has 
the asymptotic form : 
^{f)—^ e'^-'+ f{6) ^ , (as r -^oo) ' (4) 
r 
that is the sum of the incident plane wave and an outgoing spherical wave 
with scattering amplitude i{6) and it is related to the scattering cross section 
as: 
^ = I ^ w 1^  (^ ) 
It can be easily shown that the solution of eq.(3) satisfying the proper 
boundary condition(eq.(4)) may be given as 
^{f) = e'^ "'^ " + J G{f, r')V{'P)^{r')dr', (6) 
'Here it is assumed that the incident particle obeys the non-relativistic dynamics. 
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where 
The required asymptotic form of the above wave function is 
2x77 p^^'^ r 
^jj{f) = e'^-*'- - ^ — / e-^'-'yir') i,{r') dr', (8) 
A-KTI r J 
Now comparing eq.(8) with the asymptotic form, eq.(4), we get the following 
expression for the scattering amplitude for scattering from the direction k to 
a direction k'{\k\ = |fc'|), 
/Afc') = - J ^ je-'^''V{r) V(r) df, (9) 
It is clear from eq. (9) that the wave function ij}{r) is needed only in the region 
where V(f) 7^  0, in order to have an accurate evaluation of the scattering 
amplitude. 
We thus see that our scattering problem involves the solution of the 
Schrodinger equation in the nonzero potential region. However, in general, 
the Schrodinger equation can not be solved exactly by analytical method, 
therefore some approximation method is called for obtaining the scattering 
amplitude. 
In the following we give a brief account of an approximation method for 
solving the high energy scattering problem as developed by Glauber[1]. The 
method, as we shall see, provides one to estimate correctly the intensity of a 
predominant part of the scattering. 
We initiate the discussion of the approximation method by writing the 
integral eq.(6) for the scattering of a spinless particle from a static potential 
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as 
^{f) ^ e"'-''-—r^ / ^ V{P) i){?) dp. (10) 
47rii J \ f — ^ ' 1 
Now if the energy E of the incident particle greatly exceeds the magnitude of 
the interacting potential V{f): ^ << 1, and that the value of E is such that 
the associated wavelength is much smaller than the range of the potential a 
: ka» 1, then under these conditions we are justified in assuming that the 
backward scattering would be very weak. In such cases it is very unlikely 
that in traversing the potential, the particle will be deflected greatly from 
the initial direction, so that the scattering is heavily concentrated at small 
angles. Therefore, the wave function ijj{f) of the incident particle may to a 
good approximation be written as 
^{f) = e''^ *' v{r}, (11) 
which is the product of the incident plane wave and a function v(f) which 
varies slowly over a particle wavelength. Substituting eq.(U) in'eq.(lO), we 
get: 
917) r P^^ I r-?\- ik.{r-?) _ ^ _ 
<^ = ^-Th / ... n, (^^ ') <^') ^^ '- (1^ ) 
47r / i J ;• _ J-
Defining a new position variable r" by 
? =^ r - r', (13) 
the eq.(12) may be written as 
""^ "^^  " ^ ~ 4 ^ / ~ \ ^^^~ ''"^ ''^^~ ''"^ '^ '""- ^^ ^^  
Now if we assume that the product of the functions Y{f) and v(r) both 
vary slowly in a particle wavelength, ^, the regions in which the exponential 
12 
oscillates rapidly may be expected to reduce the contribution of the integral 
on the right hand side considerably. If we consider points f which lie within 
the volunae occupied by the potential, the maximum contribution to the 
integral will come from values of r" lying close in direction to k, since for 
these values the exponential is nearly constant. 
To be more specific, let us assume that the functions V(f) and v(r) vary 
appreciably only within a distance d. Pending a detailed discussion on d, we 
for the time being assume it to be much larger than A/27r(= 1/fc). Integrating 
the right hand side of eq.(14) over the angular variables by parts we have 
v{r) = l + ^  I dr" V{f-r") v{f-r") + ^ ( w ) ' (^ )^ 
where 
fM = cos{k.r"). 
The terms neglected by the asymptotic approximation are, as indicated, of 
—* 
relative order 1/kd. The limit ^ = - 1 corresponds to the points r" antipar-
allel to k. Since in this case the exponential varies rapidly, the contribution 
corresponding to /z = - 1 is of order 1/kd and is therefore negligibly small. 
We are thus left simply with the term corresponding to r" parallel to k, 
^(r) = l - ^ pV{T-?) u(f-r7')U,|fc dr", (16) 
where v is the velocity of incident particle. 
The appearance of the above equation is somewhat simpler in cartesian 
coordinates. We choose the positive z-axis to lie in the direction of propaga-
tion k, thus obtaining 
v{x,y,z) = 1- — / V{x,y,z-z") v{x,y,z-z")dz" 
nv Jo 
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The solution of eq.(17) is immediately seen to be 
v{x,y,z) = e-^ /-'oo (^--i'.^ ') '^''^ (18) 
so thai the approximate wave function is of the form 
V;(x,y,z) = e''='-'fe/-»^<^''''^') ''\ (19) 
Recalling the scattering state boundary condition that at large distances, 
the wave function should consist of the incident plane wave and an outgoing 
spherical wave. We see that wave function, (eq.l9), is missing a good many 
of the things one looks for in a three dimensional wave function, e.g., a 
spherical outgoing wave. But it should be remembered that the arguments 
leading to eq.(19) are intended to hold only within the volume occupied by the 
potential. Therefore the expression (19) need not represent the wave function 
for larger distances. Fortunately, as we have pointed out from eq.(lO), it is 
only necessary to know the wave function within the range of the potential 
in order to calculate the scattering amphtude. 
Before evaluating the scattering amplitude, it will be convenient to define 
certain coordinate vectors. Let A; be the unit vector, 
| fe | = l , 
pointing in the direction of the incident propagation k which, as before, will 
be taken to lie along the positive z-axis. Then any position vector f may be 
resolved in two components. 
f=b + kz, (20) 
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where b is the impact vector lying in a plane perpendicular to k (Fig.l(a)). 
With this notation, the wave function ip{r) as given by eq.(19) may be written 
as 
^(f) = e*'"-^ /:oc^ (^ "+ -^') '^'\ (21) 
Next substituting the above wave function into the expression (9) for the 
scattering amplitude, we obtain 
/(^, k') = - 2 ^ ( e-'^'-' V{r)^'-'-^^ /-co ""^'^'"''^ ''' dz d\ (22) Aivh J 
where d?b denotes the integration over the plane of the impact vectors, with 
the help of eq.(20), the above equation can be written as: 
fik^k') = - i ! ^ [e'^^-''^-^'^''KV{b + kz)x 
47rn. J 
e-^ ILnUk.') a.'^^ ^2^ (23) 
Now, energy conservation requires, |A;'| = \k\ so that for small scattering an-
gles the vector [k - k') is nearly perpendicular to the beam direction A;. In 
fact, the error of approximating the exponential exp[i(fc - k').kz] by unity is 
only of order {l-cos6)kd ~ ^^kd where 6 is the scattering angle and d is the 
distance within which V and v vary appreciably. Further, the quantity ^^kd 
should be much smaller than unity i.e. 
e^kd « 1. 
With this simplification, the z integration is simply that of an exact differ-
ential and leads to: 
fl^k,k') = ^ Ie-'^'-^^' \e^r«^(^"+^^')''^' _ i] d'b (24) 
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or 
f{k, fc^) = 2;- / " # /°° 6 db e2^ '=''""f'^ ''^ ^ [e*x(6l _ 1] (25) 
where 9 is the scattering angle and 0 is the angle between (fc - k') and 6, and 
x(6) is the phase shift function, 
X{b) = - ^ r ^ (^+ '^^')'^^'- (26) 
TiV J—00 
This is the basic result for the clastic scattering amplitude of a spinless 
particle from a static potential V{f). 
For potentials with azimuthal symmetry, we may further integrate the 
angular part in eq.(25), the result is 
f{q) = ik p Jo(qb) [1 - e'^ (^ ")] b db, (27) 
where q*= (fc - fe') is the momentum transfer vector, Jo is the zeroth order 
Bessel function and 
1 r°° 
-CX3 
is called the phase shift function. 
It will be convenient to abbreviate these formulas by defining what is 
generally termed as the profile function 
X{b) = ~ r V{b + kz')dz' (28) 
nv J-00 
T{b) = 1 - e''^ '^'). (29) 
Then the scattering amplitude for the momentum transfer hq is just the 
two-dimensional Fourier transform of r(6): 
m='^je'^-'T{b)dh (30) 
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The inverse Fourier transform of the scattering amplitude will give the profile 
function i.e. 
where cfq' is a two-dimensional element of integration in a plane perpendic-
ular to k. The expression(27) represents the scattering amplitude accurately 
as long as the momentum transfer ^remains small compared to the incident 
momentum k. 
In the absence of any fundamental theory of particle interaction, the phase 
shift function x(^) and the profile function cannot in general be predicted: 
They are, in effect, no more than alternative way of writing the scattering 
amplitude. They can, however, be very useful in treating scattering by many 
particle system. 
So far we have not said much about the approximations that have been 
used in deriving the expression (27) for the scattering amplitude. We shall 
now take a close look at the accuracy and the limitations of the above ap-
proach. 
In the above derivation we have used the fact that if V and v are slowly 
varying functions of f and vary appreciably only over a distance d, we may 
consistently neglect terms of order 1/kd. This raise the natural question as 
to what is the distance d. To investigate this let us assume as before that 
the potential varies appreciably over a distance a. According to eq.(18), v(r) 
varies appreciably over the distance hv/V. Evidently, the distance d is, in 
order of magnitude, the smaller of these, i.e., for 
Va/hv < 1 
we have 
17 
d ~ a 
and for 
Va/nv > 1 
we have 
d ~ hv/V 
In either of these cases we evidently require both the conditions 
ka » 1 and V/E « 1 (32) 
In order to find the angular range of the approximation we use the limitation 
e^kd « 1. 
Therefore, for 
Va/hv < 1, 
we see that the approximation is consistent only for angles smaller than the 
angle of order of magnitude l/\/kd\ 
hence 
e<0 (\/T/kd\ far {Va/hv < 1) (33) 
On the other hand, for 
Va/hv > 1, 
we have 
e<0 UVJE\ ; {Va/hv > 1) (34) 
Both of these according to our assumptions, eq.(32), are indeed small angles. 
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(b) Glauber multiple scattering theory 
(i) Nucleon-Nucleus Scattering 
we have already discussed the problem of potential scattering and ob-
tained the basic result for the scattering amplitude. We now generalize the 
potential approach for a system of particles. The present discussion is spe-
cialised to high energy nucleon-nucleus scattering, yet the method is quite 
general and can be profitably applied to other appropriate situations. For 
example, the method has been appUed to study the scattering of an electron 
from an atom and has been found to be quite successful. 
Let us begin the discussion by considering collisions of the incident nu-
cleon with (target) nuclei in terms of encounters with the constituents in 
the target and ignoring the spin and i-spin degrees of freedom of nucleons. 
The incident nucleon on entering the nucleus may collide with a single target 
nucleon, or with many in succession. The problem is complicated by the fact 
that the range of interaction of the incident particle with a nucleon may not 
be smaller than the distances which separates nucleons in the nucleus. So 
the problem arises because of the strong interaction of the incident particle 
with several nucleons at once. The general treatment of such problems by 
means of multiple scattering theory is well known to be rather complicated 
but the use of diffraction theory leads to great simplification. 
In the elementary diffraction theory which we have described in the last 
section, the phase shift brought about by a nucleon is the same as if the 
interaction region surrounding it were a medium with an appropriately chosen 
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complex refractive index; the interaction region absorbs, perhaps appreciably, 
and refracts slightly as well. We may imagine then that, as in optics, when a 
wave passes through two or more such regions, the changes which take place 
in its amplitude are multiplicative. If that is true, then we need not know the 
detailed structure of the individual interaction; the total complex phase shift 
of the incident wave is simply the sum of those produced by the individual 
nucleons. 
To be more specific, let us assume that a set of A nucleons occupy 
fixed positions Si,s*2. SA relative to the axis of collision. The vectors 
5*1, S2, SA are projections of the position vectors of nucleons fi, f2, TA 
on a plane perpendicular to k (Fig. 1(b)). The wave representing the in-
cident particles passing through the entire system acquires a total phase 
shift XN{b]Si SA) depends on the positions of the nucleons, as well as 
on impact parameter 6. Our basic assumption is that the total interaction 
Vfj{fi, 7^2) between the projectile and the target nucleus is the sum of 
the individual interactions betweeen the projectile and the target nucleons 
i.e. 
VNi^i, fA)^ZViri) (35) 
t=i 
This leads to, 
giXsibJi SA) _ giXi{b-ai)+ +iXA(b-SA) ^3g> 
where Xj is the phase shift function for the j * ' * target nucleon. 
If we define the profile function 
TNib; si SA) = 1 - e'^ '-^ "^-^ "^  '^\ (37) 
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for the entire set of nucleons, then we see that composition law for the profile 
function is 
^Nib•,s^ SA) = 1 - n [l - r , ( 6 - s,)], (38) 
where Tj is the profile function for the f" target nucleon. By expanding the 
product in eq.(38), we obtain 
TN{b;s, SA) = f:Ub- sj) - X; r , ( b - sj)rmib- ^m) 
j'=l j<m 
A 
+ E ^i{b-Si)rj{b-Sj)rk{b-Sk) + A terms. (39) 
i<j<k 
This expansion plays quite a basic role in the multiple diffraction theory; the 
first term corresponds to the coherent scattering from A distinct nucleons, 
the second term describes the successive scattering from two nucleons, and 
so on and so forth. 
The target nucleons are, of course, not fixed but moving inside the nu-
cleus and they are more or less free to recoil. The dynamical behaviour 
of the nucleons may be taken into account by assuming that the energies 
transferred in the elastic collision processes are negligibly small, and that 
the initial nucleon velocities do not alter the basic interactions. With these 
assumptions, it is not difficult to show[l] that the amplitude for collision in 
which the nucleus goes from an initial state \i) to a final state | / ) , is simply 
given by the matrix element of the function rN{b; Si SA) : 
ffiiq) = ^ /e ' ' -^ / | r jv (6 ;3 i SA)\i) d'b. (40) 
The function rjv(6;s'i SA) must be invariant under coordinate transla-
tions. Hence, if the states \i) and |/) take proper account of the centre-of-
mass motion of the nucleons, we will find that F/t(g) contains a factor of 
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three dimensional delta function, which expresses the conservation of total 
momentum. The scattering amplitude which we measure is the factor which 
multiplies this delta function. It is easy to show[l] that this scattering am-
pUtude, let us call it Ffi{q), takes the same form the expression Ffi{q) would 
take for scattering by a nuclear system whose centre-of-mass is constrained 
to remain fixed at the origin. 
If <f)i and 0; are the internal wave functions of the nuclear system for 
the initial and final states respectively, then we may write the scattering 
amplitude Ffi{q) in the form 
FMq) = ^/e*^"V/(lr,])rN(b;si s^)0i(lfi])<5(^E^i)n^^''- d\ 
(41) 
in which the delta function expresses expUcitly the constraint upon the nu-
clear centre-of -mass. If we express the function Tfj by means of the compo-
sition law (38), we then have 
Ff.iq) = ^  j e''-'I mn) 1 - n (i - ^^^^- '^^) X 
MlfM^Hrmdrm dH (42) 
It is also convenient to express Ffi{q) in terms of the basic NN ampUtude 
f.,{q). This can simply be achieved through eq.(31). The result is 
x*.(RlW7E*'i)n<'*'".< '^' (") 
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If we expand the product in the integrand, in eq.(43) and examine the suc-
cessive terms which result, what we find is a species of multiple scattering 
expansion. It is worth noting, for example, that the same nucleon index never 
occurs twice in any of the multiple scattering terms and that in a nucleus 
with A nucleons, one never has more than A-fold scattering. These simpUfi-
cations are present because the scattering is implicitly assumed to take place 
mainly in the forward direction. 
Here it may be noted that the above formulation does not take into ac-
count the effects due to Coulomb scattering. In order to include Coulomb 
scattering in the above formulation, we follow the approach of Glauber and 
Matthiae[20] according to which the nucleus is replaced by a spherically sym-
metric charge distribution(sinc6 at higher energies the Coulomb part of the 
total scattering is much weaker than the nuclear part and at very small angles 
the effects of the deformation may be neglected). So the modified expression 
for the elastic scattering amplitude is rewritten as: 
ik Fji{q) = Uq) + £/e (^'"^ "+> '^"(^ "»<?i}([rS-])[l-e'(> -^(^ "^ "^-' .»/l)+Xc(b)) 
U[rm-,llri)X{drmd\ (44) 
with. 
/e(9) = -27?A:exp(i<^c)/9' (45) 
Xpt(6) = 2r/ln(A:6) (46) 
X.{h) = STrr; j ^ dt t'p.,{t) (in [ i ± i i z | Z ^ | _ (i _ ^l^f^^ , (47) 
where 77 = - ^ is the Sommerfeld parameter with Z as the target atomic 
number and v the projectile velocity. The quantity pch is the nuclear charge 
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density and 
(t>c = -2'n[\xi{q/2k)^5\ + 2T 
r=o Lr + 1 
ri 
tan -i_n_ 
r + l. (48) 
with 8 as the Euler constant. 
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(ii)Nucleus-Nucleus Elastic Scattering 
The above discussion for nucleon-nucleus scattering can be generalized 
immediately to the case of the collision of two composite objects with A and 
B subunits. For this the total phase shift function XN is given by. 
XN = E E Xib-si + sj'). (49) 
Hence, the nucleus-nucleus profile function F^ f takes the form: 
= l~l[ll[l-Tij{b-Si + sj'], (50) 
where Tij is the profile function for a pair of colliding substructures. 
Now consider the general case of elastic scattering of a projectile nucleus 
B on a target nucleus A where the nuclei are described respectively by the 
ground-state wave functions ipQ and ipQ. Applying the Gluaber model, the 
elastic scattering amphtude may be written as (e.g.Czyz and Maximon[19], 
FVanco and Varma[13]). 
F{q) =-§; jd'b expiiq.b) [l - {i>Uo)\S\^o^^)], (51) 
with 
Sib) = n n [l - ri;(6 - st + sf)] , (52) 
where k is the incident momentum in the centre-of-mass (cm.) system, g*is 
the momentum transfer, A and B are the mass numbers of the target and 
the projectile nuclei respectively, and Sj{sk) are the projections of the target 
(projectile) nucleon coordinates on a plane perpendicular to k. 
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For nucleus-nucleus collisions the Coulomb effects are found to be impor-
tant over a wide range of momentum transfers. In this case both projectile 
and target are extended charge objects. The extended charge Coulomb ef-
fects can be included in the same way as for the proton-nucleus collisions, 
and the elastic scattering amplitude is given by 
Fooiq) = Fc(g) + ik ^ db b Jo{qb)e'^''^^^ [l - e'^ =('")5oo(6)], (53) 
where 
Sooib) = {^i^S)\S\iP^^^). (54) 
The quantities Fc{q) and Xpt have the same expressions as given in the last 
section except that 77 in this case is replaced by ZpZr V, with Zp and ZT 
as the atomic numbers of the projectile and target respectively. Moreover, it 
may be pointed out that for collisions between light nuclei where the charge 
form factors can be approximated by Gaussians(or sum of Gaussians), the 
Coulomb phase shift function incorporating the extended charge effects can 
be evaluated analytically, and the resulting expressions for Xc(t) takes the 
following form: 
Xcib) = ZPZT ri .El, (55) 
where Ei is the exponential integral whose form for Gaussian form factors 
has been obtained by Franco and Varma[21]. Here it may be pointed out 
that the expressions(44) and (53) do not take into account for the deviation 
in the eikonal trajectory because of the Coulomb field. Fig.2 shows the 
deviation in the trajectory due to the Coulomb field. This deviation can 
be incorporated [16] by evaluating the S matrix at the distance of closest 
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approach 6' given by 
kb'= rj + {rf + k'by/' (56) 
where k is the wave number and b is the impact parameter in the absence of 
Coulomb field. 
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Fig. 2; Schematic of the projectile trajectory without and 
with Coulomb field. 

(i)Nucleon-Nucleus Elastic Scattering; 
According to the Glauber theory, the expression for the nuclear phase 
shift function XN{b) for proton-nucleus scattering is given by: 
1 - exp[ixN{b)] = (*o|r(6; SiS2.-s^)|^o), (57) 
where ^o stands for the ground state wave function of the nucleus, Sj is the 
projection of the /'* target nucleon coordinate onto a plane perpendicular to 
k and r(6; si, s*2, ....s* )^ is the proton-nucleus profile function, which is related 
to the proton-nucleon profile function Fp/v by 
r(6;si,S2....SA) = (1-5(6)), (58) 
where 
5(b) = n i l - r p / v ( 6 - s , ) ] (59) 
The proton-nucleon profile function is related to the proton-nucleon ampli-
tude through equation 
^vN{h)^^jd'be-'^-'f{q) (60) 
To obtain the correlation expansion for the elastic scattering ampUtude, 
we follow the approach of Ahmad and Auger[18], according to which the 
product in eq.(59) may be written in terms of an effective profile function 7j 
in the following manner 
5(6) = n ( l - ( r o - 7 i ) ) , (61) 
j = i 
7, = ro-rpyv(fe-s'i), (62) 
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where 
ro = (*o|rpyv(6-Sj)|^o), (63) 
With this, eq.(53) provides the following expression for the elastic scattering 
amplitude 
A 
Fooiq) = fM + Fo{q) + X; Fiiq), (64) 
1=2 
where 
Fo{q) = ^ l e'('-^ '+'^ '"(^ "»[l - (1 - ro)^ e''^ =(^ ")] d\ (65) 
and 
F,(g) = Zil f ei(9.6>xp.(6)+xc(6))^ ^^ |(i _ r j ^ - ' x 
ZTT J 
j:E--E'rnj--ik\^o)d'b. (66) 
The summation in eq.(64) starts from 1=2 since 1=1 term does not con-
tribute to the elastic scattering. Here it would be appropriate to mention 
that the expression (66) is true only when the NN amplitude is purely spin-
independent. Once we consider the spin-flip part of the NN ampUtude, the 
same expression is no longer valid since the operators involved in the r.h.s. of 
eq.(62) generally do not commute. At energies ~lGeV the spin-dependence 
in the NN amplitude is fairly weak, hence one may neglect it throughout the 
expansion (64), except in FQ which is the leading term in the scattering am-
pUtude. Under this approximation, the expression (66) for Fi{q) is justified. 
This also follows from the work of Ray[22] which shows that the effect of 
spin, at the corresponding energy, in the treatment of second order potential 
is fairly small. 
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The term FQ in eq.(64), which is similar to the independent particle model 
(IPM) result, represents a passive propagation of the projectile in the field of 
A nucleons, while the terms Fi{> 2), which may be treated as the correction 
terms to the IPM calculation, describe a passive propagation of the projectile 
in the field of (A-1) nucleons. In other words, the successive terms in expan-
sion (64) depend upon the one-body density, two-body correlation function, 
three-body correlation function and so on. More explicitly evaluation of F^ 
and F-s gives the following expressions: 
(67) 
F,{q) = I^MZJMZ^ je^^'-' £b (1 - ro)^-^C3(n,fa,f3) T{h- s:)x 
T(b - S2)r(6 - S3)dfidr2df3, (68) 
where G2 and C3 are the two- and three-body correlation functions respec-
tively: 
^2(^*1, f2) = />2 (n ,r2)- Pi in )fh{r2) (69) 
C3(fi,f2,f3) = P3{fuf2,fi)-[pi{fi)C2{f2,f2)+pi{f2)C2{fz,fi)+Pi{f3)C2{fuf2)] 
-Pl(n)pl(f2)pi(f3), (70) 
with pi{f) as the z"" body density. 
In terms of the ground state densities (form factors) the above expressions 
may be written as: 
^^(^) = sk^^I'''''''^'-^'^'" [^^ - ^ °]' i _A{A-l) 
(71) 
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^'^'^ ^ mU^"^^^ 3^"^ ^^  /e''~' d'b (1-ro)^-^ [G3 + 3GoG, - 2Gl], 
(72) 
where 
(73) 
(74) 
and 
Go = jd'qe-'^~'MF{q). ' (75) 
The quantities F{q),F^'^\q\,q2)&vi.d F^^\qi,q2,qz) in the above expressions 
are the one-, two-, and three-body form factors respectively: 
F{q) = jp{r)e^'df, (76) 
F^^\qx,q2) = I p^'\fuf2)e'^''''^''''^df,dr2, (77) 
F^'\qu^2,q3) = /p('nn,r2,f3)e'('">*''+^-^"^+'-^"^)dfidf2(if3. (78) 
Evaluation of the term FQ which depends upon the intrinsic ground state 
density of target nucleus is trivial. For calculating F2 and F3 we must know 
the intrinsic two-body and three-body(densities) form factors of the target 
nuclei. In the following these are obtained following the approach of Feshbach 
et al.[23]. These authors introduce a model wave function 0m(n ^A) in 
terms of which the intrinsic one-, two- and three-body form factors of the 
nucleus may, atleast approximately, be written as: 
F{q) = 9iq)FM{Q) (79) 
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F^'^ (gi, 92) = 0{qx + 92)Fi?) (gl, gl) (80) 
^^'^91.92.93) = e{qi + q2 + q3)FS\quq2,q3), (81) 
where FA/,F[^\FJf are the model one-, two-, and three-body form factors 
obtained from eqs. (76), (77) and (78) by replacing the intrinsic densities by 
the model ones. The quantity 9{q) is the usual cm. correlation correction 
factor. 
It is well known that the above expressions are exact if 0A/ is chosen to be 
the fully antisymmetric oscillator wave function. In this case 6{q) has the 
form 
d{q) = expiqyAAa'^), (82) 
where a^ is the oscillator constant. Unfortunately, the harmonic oscillator 
model is not always adequate, still it seems reasonable to assume that the 
expression (82) provides a good approximation to the more realistic situation. 
Following [4] we further assume that the model two- and three-body densities 
may be written cis: 
pfhfur^) = N^'^PM{r,)p,,{r,)[l - gc{\f, - 7^1), (83) 
PA?(n,r2,r3) = A^'^VA/(ri)pA/(f2)pA/(f3)[l - 5c(|n - f^l)] x 
[1 - 9c(|r2 - r-3|)][l - 5c(|ri - f,\)i (84) 
where A^ ^^^ and A'^ ^^  are appropriate normalization constants. The quantity 
9c{\^i - ^j|)(i, J = 1.2,3) is the phenomenological two-body correlation func-
tion. Following Chaumeaux et al.[24], it is further assumed that gc simulates 
both Pauli and dynamical two-body correlations and is of sufficiently short 
range so that pM{f) varies little over its range. Now using eqs.(79)-(81), (83) 
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and (84), and keeping in mind the assumed short range nature of pc, the 
intrinsic two-body and three-body form factors may be written as: 
F^'\qi,q2) = 6{qi+q2) 
and 
Fiqi)F{q2)Fiq,) 
(85) 
F^'\q^,q2,q.) = ^(^l + 92 + ^s) ^^^^^^^^.^^^ , (86) 
L 0{qi)6{q2)0{q3) J 
where gc{q) and DM{q) are the Fourier transforms of 5c(^) and pM{r) re-
spectively. Here it may be mentioned that since two-body correlation term 
provides a leading correction to the optical-limit result [4], therefore in writ-
ing down the intrinsic three-body form factor we have considered only the 
uncorrelated part in the model three-body density. 
The phenomenological pc(f) should satisfy the following requirements: It 
must be of sufficiently short range, become unity for r=0 to account for the 
hard core in the NN interaction and its volume integral must be zero. This 
last requirement is to preserve the normalisation of PMifi^fi) so that its 
integral with respect to any one of its coordinates equals the (model) one-
body density. Clearly the generally used single Gaussian correlation function. 
gc{f) = exp{-r^/b'^), (87) 
with b as the correlation range does not satisfy the last requirement. One 
may still use the above correlation function provided one multiplies the right 
hand side of eq.(83) by a normalisation constant A'^ ^^  which is determined 
from the condition [25] that 
/ pfi\fi,f2)dr,df2 = l (88) 
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Needless to say, this approach still sufffers from the weakness that the one-
coordinate integration of PM{^\^^2) does not give the model one-body den-
sity. However, if the correlation volume is sufficiently small, the error involved 
is also expected to be small. In any case, when the correlation function is 
given by eq.(87), the normalisation (88) is preferable than using the totally 
unnormalised two-body density. 
Another correlation function which possesses all the desired characteris-
tics including the one of its volume integral being zero may be written as: 
9{r) = , / , , , (o ' exp(-aV') - b' exp(-bV^)) a > b (89) 
This has the drawback that it contains two parameters (a and b) about which 
we know little. Ahmad[26] has made calculations using the above parame-
trization also for a-nucleus scattering at intermediate energies. He found 
that the effects of the above parametrization(89) on a-nucleus scattering 
are essentially similar to those obtained with the parametrization given in 
eq.(87). 
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(ii)Nucleus-Nucleus Elastic Scattering: 
As discussed in ciiapter 2, the elastic scattering amplitude for nucleus-
nucleus collision is given by: 
Fooiq) ='^ jd'b exp{iq.b) [l - (^o''^ o^)l'5|^ o^^o'')] • (90) 
To obtain the correlation expansion in this case, we write the Glauber 
model 5-matrix as follows: 
•5(b)=nn(i-Too-7i i ) , (91) 
7ij = Too-VNNib-Si+ Sj ), (92) 
with 
roo(^) = / pA{f^PB{r')r^Nib- Si + sj ')dr dr' (93) 
where PA and ps are the ground state densities of the target and projectile 
respectively. 
Using eq.(92) into eq.(91), we get: 
AB 
Sib) = So{b) + ZSi{b), (94) 
/=i 
where 
5o(6) = (1 - Too)^^ (95) 
and 
5,(6) = Ul - Too)^^-' E E E^iunln,^. lH,n- (96) 
The primes on the summation signs indicate that two pairs of indices cannot 
be equal at the same time (for example, if ii = ii then j \ ^ ji and vice 
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versa). Substituting the expansion (94) in eq.(90), one obtains the following 
expansion for the elastic scattering amplitude: 
AB 
Foo{q) = Fo{q) + J2Fi(q), (97) 
1=2 
where 
and 
ik Fo{q) = ^ / exp{iq.b){l - S,{b) d\ (98) 
Fi{q) = - ^ / ^^V{m i^MW^i'^) d'b. (99) 
The sum in eq.(97) goes from 1=2 since Si does not contribute to the elastic 
scattering. 
The first term FQ{q) in eq.(97) corresponds to the optical-Umit result of 
Czyz and Maximou[19] and depends upon the intrinsic ground state densities 
of both the projectile and target. It differs, however, from the expression of 
Czyz and Maxinion[19] in that the ground state densities appearing in it are 
not the iudepondent particle model densities and hence the well known cm. 
correlation correction factor which gives divergent cross sections at large 
momentum transfers[ll] does not appear in the present formulation. The 
other terms Fi{q), which are of the /"* order in the effective profile 7, involve 
the Z"' body density of both the target and the projectile nuclei. These may 
be regarded as providing corrections to the optical-Umit calculation. More 
explicitly, the ground state expectation values of §2 and S3 which give F^iq) 
and F3{q) respectively are: 
^ ij i'i' 
(100) 
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/ / / 
and 
»lJl 12J2 «3J3 
+^roo{^^i^!Kr,y\^^i;^)-2rlo], (loi) 
with r, j = r{b - s*, + s*, ' ) . In terms of the ground-state densities (form-
factors), the above expressions may be written as [13]. 
{^U^\sM^^) = I (i-roor-^ [f^'^-f^'^% (102) 
and 
(V o^^ V'o^ |53|V'?^ o^ ) = I (1 - Too)^^-^ [/^ )^ - 3/(^)/(^) + 2/(^)^], 
(103) 
where 
f('\b) ^-AB C:{b), (104) 
f('\b) = ^B[(A - 1){D - l)D,{b) + {D- l)D2{b) + {A- l)DM, (105) 
/(3)(6) = -^AD[{A - 1){A - 2){B - 1){B - 2)E,(b) 
+3{A - \){B - \){{B - 2)ES) + (>1 - 2)£;3(fc)} 
^^{A-\){B-\)E^{$)^{B-\){B-2)E^^)^{A-l){A-2)E^i$)l 
(106) 
with 
Ci(6) = J - ^ j d'qe-'^^'FA{q)FB{-q)m, (107) 
(108) 
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(109) 
^'^^^ ^ J 2 ^ / Airf'92e-'('"^^'-='^^>f (9i,92)i^B(-9i-q2)/(gi)/(q2), 
(110) 
'^^ ^^^ ^ ( 2 ^ / A ic /VV- ' ^^^ ' ^ ' «+ ' ' ^ ) '> f (^l,9l.93)F^^(-9i,-92,-93)x 
/(9i)/(92)/(93), (111) 
f{qi)f{q2)fiqz), (112) 
£:3(i^ ) = ^ 2 ; ^ /^''/i^'92^'^/3e-'^^"'^«^'"^^^>r^(f7,,^72,91)42^-91-92,-93)x 
/((?i)/(92)/(93), (113) 
£4(b) = ^ 2 ; ^ /d29id'9irf'93e-'(^'-^^"^^^"^5^>f (9l+g1.,g3)4'^(-9l-93,-92)x 
/(9i)/(q2)/(93), (114) 
£^ 5(6) = ^ 2 ; ^ /^/'9irf'92^V-'^'' '- ' '"^'^^'>/i(9i+92+9l)F^'^(-9l,-92.-93)x 
/(9i)/(92)/(93), (115) 
£^ 6(b) = ^ 2 ^ ^ jd'q,d\2d\,e-'^^^^^^^^^^'Ff{quq2,qz)FB{-qx-q2-q,)^ 
f{qi)f{q2)f{q3). (116) 
The quantities •Pl/(9),i^i2^(9i,92) and Fj^^(9i,<f2,93)(i^ = ^ , B ) in the above 
expressions are the one-, two- and three-body form factors respectively; their 
expressions and the method of their evaluation has been discussed in the last 
section Here it may be pointed out that the distinction between protons and 
neutrons shall be incorporated in FQ only, as it is expected to be the leading 
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term in the scattering amplitude. Witli this modification, eq.(98) takes the 
form: 
Foi,l='^Je-ik , . . . ^ 
[1 - (1 - rgg)^" '^ (1 -Tzr^^ ' (1 - vToY^"' (1 - r^o")'''''''] ^^^ 
(117) 
with 
rS^ o" = {^M\^NN{h - 5, + S- 'M^P^), (118) 
where each of m and n stand for a proton and a neutron. 
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m 
Following the approach outlined in chapter 3, we have performed calcu-
lations for ^^C -^^ C elastic differential cross-section at 1.016, 1.449 and 2.4 
GeV. The inputs needed in the theory are the nuclear form factors, oscillator 
constant(a^), and the parameters of the NN amplitude (/(g)). For compu-
tational simplicity, we parametrize the required nuclear form factor as a sum 
of Gaussians: 
F{Q) = E^je-'^''', (119) 
j 
whore (ij and bj aro parameters, whose values have been taken from ref.[26]. 
These values were determined by fitting the form factor as given by the 
charge density of the ^^ C of ref.[27], after correcting for the finite proton 
charge density and assuming the proton and neutron densities to be the 
same. The value of the oscillator constant is taken from the work of Bassel 
and Wilkin(28]. 
As regards the NN amplitude, we take it in the same form as parametrized 
by Golovanova ct al.[5] and Khan et al.[7]. 
ika^ ^ ( a V'( l - ip)"+^ 
2(n-H) (120) 
where 
A _ M M M An 
"+' ~ n(n + l) "^  (n - l)n "*• (n - 2)(n - 1) ''' "^  B 
with Ai = I. Here it may be noted that the NN amplitude though consists of 
both the central and spin-dependent parts, but we have considered its central 
part only, as the colliding nuclei under discussion have zero spins. Moreover, 
for n=0, the above form of f{q ) reduces to the usually parametrized (one-
term) NN amphtude. The ampUtude(120) has three adjustable parameters 
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a,p and /? ,^ the values of which are chosen under the condition that(i) the 
experimental total cross section[16] for pp and pn collisions at appropriate 
energies be correctly reproduced, and(ii) we may have (simultaneously) sat-
isfactory explanation of ^^C-'^C elastic differential cross section at energies 
under consideration. The effect of phase variation in the NN amplitude(120) 
is incorporated by raulitiplying it with the phase factor e"* '^ /^, and treating 
the 7 as a free parameter. Figs. 3-5 present the calculations for ^^ C -^^ C 
elastic differential cross section at 1.016, 1.449 and 2.4 GeV, respectively, us-
ing the one-term NN amplitude and its parameters as reported in refs.[8,9,10]. 
Here it may be noted that except for pp and pn total cross sections, whose 
values are taken directly from the experiment, the authors[8,9,10] have used 
different sets for p and 0^ values. Moreover, they have used the average 
values of a, p and 0^ for pp and pn scatterings. Figs, marked with (a) and 
(b) show the calculations upto two-body and three-body correlations respec-
tively. It is found that the parameters of (i) El-Gogary et al.[9] support the 
data at 1.016 GeV, and (ii) Ahmad et al.[10] support the data at 1.449 GeV. 
At 2.4 GeV, we have only two sets of NN parameters from refs.[8,10], we 
have presented, in Fig.(5), the results with only these two sets. The results 
show that it is the NN parameters of Ahmad et al.[10] which support the 
data at 2.4 GeV. The motive of such comparison is that we could atleast 
tell the suitability of the available sets of NN parameters in nucleus-nucleus 
collisions at various incident energies. From theoretical point of view, still 
noticeable discrepancies exist, especially beyond the moderate momentum 
transfers, suggesting the importance of the neglected higher order correla-
tions, and also to look into the better choice of the parametrization of the 
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NN amplitude. 
In order to see if the situation could be improved, we have made another 
calculation in which we have parametrized NN amplitude in two different 
ways by taking n=0(one-term NN amplitude) and n=l (two-terms in the NN 
amplitude) in the araplitude(120). The calculations involve separately the 
effects due to two- and three-body correlations, and also the effects due to 
phase variation in the NN amplitude. In fact we have performed least square 
search to obtain that set of NN parameters, which may reproduce the exper-
imental pp and pn total cross sections, and provide satisfactory explanation 
of ^'^C -^'^ C elastic scattering at energies under consideration. The results of 
such calculations for ^^C-^^C elastic differential cross section at 1.016, 1.449 
and 2.4 GeV are presented in Figs. 6-8. The Figs, marked with (a) consider 
the terms in the correlation expansion(97) upto two-body correlations, while 
those marked with (b) consider upto three-body correlations. The parame-
ters of the NN amplitude found in two cases are reported in Tables I-VI. It 
is found that the three-body correlations do not play any role in the present 
calculations; the two-body correlations are found to provide leading correc-
tions to the optical-limit result. Here it may be pointed out that the phase 
variation parameter in the NN amplitude is not treated as the global one; we 
have not introduced the phase variation to the already obtained parameters 
of the NN amplitude. The reason for such consideration is that since the 
parameters p and /?^  of the NN amplitude at a given incident energy show 
some range, we have allowed the variation of p and P"^ along with the phase 
variation parameter. The value of the phase variation parameter reported in 
the Figs. 6-8 is the average of 7pp and 7p„. Regarding the parametrization 
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of the NN amplitude, it may be said that the results with two-terms in the 
NN amplitude are in no way better than those with the one-term amplitude. 
Thus we conclude that the one-term NN amplitude along with the terms upto 
two-body correlations in the correlation expansion of the Glauber amplitude 
are sufficient to describe the ^^ C -^^ C elastic differential cross section at 
energies under consideration. Further, comparison of our results with and 
without the phase variation of the NN amplitude shows that the results in-
volving phase variation in the NN amplitude provide improvement over the 
results with constant phase in the NN amplitude, throughout the range of 
momentum transfer. 
It is now interesting to compare the predictions of the Coulomb modified 
correlation expansion of the Glauber amplitude for ^"^C —^'^ C elastic scat-
tering at 1.016, 1.449 and 2.4 GeV using the available sets [8,9,10] of NN 
parameters (Figs. 3-5) and the one obtained in this work(Figs. 6-8). It is 
found that the results with the parameters of NN amplitude as obtained in 
this work are better than those obtained with the NN parameters of ear-
lier analyses throughout the range of momentum transfer. For the sake of 
comparison. Table VII represents the average values of the NN parameters 
obtained in this work. It is found that the average values of the NN parame-
ters lie within the range as reported in refs.[8,9,10]. This shows that it is a 
matter of NN parameters whose proper choice is able to reproduce the data 
satisfactorily well throughout the range of momentum tranfer. 
It would be of further interest to compare the results of the present analy-
sis with those obtained earher[8,9,10]. As pointed out in chapter 1, Lenzi et 
al.[8] have performed the calculations using the optical-limit approximation 
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to the correlated Glauber model, El-Gogary et al.[9] have evaluated the full 
Glauber series with consistent centre-of-mass correlations, and Ahmad et 
al.[10] have evaluated the Glauber model elastic S-matrix element by consid-
ering the first two terms of the nuclear phase expansion series. Obviously, 
these analyses involve different ways of evaluating the Glauber model S-
matrix element. The correlation expansion of the Glauber ampUtude, as 
used in this work, is also another way of evaluating the Glauber model S-
matrix. Comparison of our results with those reported in refs.[8,9,10| shows 
that the Coulomb modified correlation expansion of the Glauber amplitude 
provides an overall better results than those obtained earlier[8,9,10]. This 
shows that the correlation expansion of the Glauber model S-matrix seems 
to be the better choice, as compared to other ones [8,9,10], to study the 
12Q _i2 ([7 elastic scattering at intermediate energies. 
Regarding the discrepancy between theory and experiment, in the present 
calculation, the following remarkes may be added: It is generally beUeved 
that ^^ C nucleus is deformed in its ground state. This aspect has been ignored 
in the present analyses. The effect of deformation on ^^ C -^^ C scattering 
can, in principle, be studied in a realistic way within the framework of the 
Glauber model using the angular momentum projected wave function of the 
microscopic deformed model for ^^C However, this is a computationally 
difficult task as is evident from the work of Abgrall et al.[29] who used such 
a description of '^C to analyse the p-'^C elastic scattering data at 1.0 GeV. 
Interestingly, their results for p-'^C scattering show that the elastic scattering 
and to a lesser extent the transition to the 2"'' (4.44 MeV) state are only 
weakly affected by including the deformation in ^^ C nucleus. In view of this 
48 
we do not expect that the consideration of tlie ground state deformation of 
^^ C in a reaUstic way would substantially affect the findings of the present 
work. 
In summary, we have made a microscopic study of ^^ C—^^  C elastic scat-
tering data at 1.016, 1.449 and 2.4 GeV within the framework of Coulomb 
modified correlation expansion of the Glauber amplitude using realistic form 
factors of the colliding nuclei. By considering upto two-body correlations, 
it is found that the one-term NN amplitude with phase variation provides 
an overall good description of the experimental data at energies under con-
sideration. Moreover, it may be noted that, in this work, we have treated 
the proton and neutron on different footings, therefore we have obtained the 
parameters of pp and pn amplitudes separately. However, it may be noted 
that the average values of pp and pn parameters lie well within the range 
reported in earlier analyses[8,9,10]. The present study also sheds some light 
on the energy dependence of the phase variation parameter. 
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TABLE 1(a) 
Eiab=1.016 GeV 
With two-body correlations(one-term NN amplitude) 
Sail 
Setll 
PP 
pn 
PP 
pn 
aifm?) fi\fm^) p ^{GeV/c)-^ 
3.27 0.985 0.083 0.0 
8.75 0.105 3.130 0.0 
3.27 0.612 0.010 -13.58 
8.75 0.223 2.830 -3.92 
TABLE 1(b) 
E,ab=1.016 GeV 
With two-body correlations (two-terms in NN amplitude) 
Setl 
Setll 
PP 
pn 
PP 
pn 
<^ifm') P'rifm') PUfm') p ^(GeV/c)-' 
3.13 0.825 -0.647 1.611 0.0 
7.60 0.140 0.015 0.826 0.0 
3.63 1.463 0.446 1.515 -25.15 
6.97 0.242 0.006 0.720 -9.39 
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TABLE 11(a) 
Ejab=1.016 GeV 
W i t h three-body correlations (one-term N N amplitude) 
Setl 
Setll 
PP 
pn 
PP 
pn 
(Tifm'') P\fm^) p 7(GeV/c)-2 
3.27 0.324 0.282 0.0 
8.75 0.221 2.776 0.0 
3.27 0.049 0.010 -15.60 
8.75 0.28 2.598 -0.784 
TABLE 11(b) 
Eiab=1.016GeV 
Wi th three-body correlations (two-terms in N N amplitude) 
Setl 
Setll 
PP 
pn 
PP 
pn 
c{fm') 
3.39 
5.63 
3.70 
6.39 
mm') 
1.371 
0.136 
1.514 
0.235 
PKfm') 
-0.648 
-0.023 
0.529 
-0.039 
P 
1.919 
0.751 
1.601 
0.732 
7(GeV/c)-2 
0.0 
0.0 
-26.29 
-7.07 
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TABLE Ill(a) 
Eiab=1.449 GeV 
With two-body correlations (one-term NN amplitude) 
Sell 
Setll 
PP 
pii 
PP 
pn 
^(/m^) p'ifm') p j{GeV/c)-' 
2.52 0.168 0.886 0.0 
6.03 1.153 1.480 0.0 
2.52 0.001 0.676 -1.22 
6.03 1.720 1.123 -25.30 
TABLE Ill(b) 
E,ab=1.449 GeV 
With two-body correlations (two-terms in NN amplitude) 
Setl 
Setll 
PP 
pn 
PP 
pn 
aifrn') 
1.98 
5.76 
2.53 
5.80 
PHf^n') 
0.127 
1.657 
0.270 
1.733 
m/m') 
-0.172 
-0.799 
0.153 
-0.391 
P 
0.769 
1.110 
0.599 
0.879 
7(GeK/c)-2 
0.0 
0.0 
-3.99 
-25.29 
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TABLE IV(a) 
E,ab=1.449 GeV 
With three-body correlations(one-term NN amplitude) 
Setl 
Setll 
PP 
pn 
PP 
pn 
a{fm^) 0'{Jm^) p ^{GeV/cy 
2.52 0.001 0.785 0.0 
6.03 1.832 1.385 0.0 
2.52 0.001 0.728 2.38 
6.03 1.745 1.101 -25.30 
TABLE IV(b) 
Eiab=1.449 GeV 
With three-body correlations (two-terms in NN amplitude) 
Setl 
SetJI 
PP 
pn 
PP 
pn 
a{fm^) PlUm^) Pfifm') p i{GeVlc)-^ 
1.83 0.006 -0.147 0.755 0.0 
5.77 1.659 -0.799 1.128 0.0 
2.79 0.005 0.498 0.443 -8.08 
5.82 1.888 -0.607 1.001 -17.23 
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TABLE V(a) 
E,ab=2.4 GeV 
With two-body correlations (one-term NN amplitude) 
Setl 
Setll 
PP 
pn 
PP 
pu 
a(/m2) /?2(/m2) p j{GeV/c)-^ 
2.15 0.010 0.244 0.0 
4.03 1.775 0.100 0.0 
2.15 0.010 0.100 16.64 
4.03 1.898 0.105 -21.87 
TABLE V(b) 
E,ab=2.4 GeV 
With two-body correlations (two-terms in NN amplitude) 
Setl 
Setll 
PP 
pn 
PP 
pn 
a(/m2) 
1.08 
3.85 
1.49 
3.94 
/32(/m2) 
0.010 
1.602 
0.010 
2.624 
PUfm') 
-0.029 
-0.296 
-0.036 
0.313 
P 
0.655 
0.100 
0.154 
0.395 
7(Gey/c)-2 
0.0 
0.0 
25.35 
-17.71 
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TABLE VI(a) 
Eiab=2.4 GeV 
With three-body correlations (one-term NN amplitude) 
Setl 
Setll 
PP 
pn 
PP 
pn 
crifm'') P\fm') p jiGeV/c)-' 
2.16 0.010 0.227 0.0 
4.03 1.780 0.100 0.0 
2.16 0.010 0.100 15.94 
4.03 1.899 0.100 -21.30 
TABLE VI(b) 
Eub=2.4 GeV 
With three-body correlations (two-terms in NN amplitude) 
Setl 
Setll 
PP 
pn 
PP 
pn 
a{fm') 
1.15 
3.85 
1.46 
3.92 
P'rifm') 
0.010 
1.630 
0.013 
2.515 
PKfm') 
-0.034 
-0.291 
-0.039 
0.018 
P 
0.632 
0.100 
0.201 
0.335 
7(GeV/c)-2 
0.0 
0.0 
25.07 
-16.33 
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TABLE VII 
With two-body correlations (one-term NN amplitude) 
Average values of NN parameters 
Energy(GeV) 
I.OIG 
1.449 
2.400 
Set ! 
Set II 
Set I 
Set II 
Set I 
Set II 
a(/m2) 
6.01 
6.01 
4.28 
4.28 
3.09 
3.09 
0'{fm') 
0.54 
0.417 
0.660 
0.860 
0.892 
0.954 
P 
1.606 
1.418 
1.183 
0.899 
0.172 
0.102 
7(Gey/c)-2 
0.0 
-0.34 
0.0 
-0.52 
0.0 
-0.10 
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